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Abstract Nano-particle capture is a key process in ﬁltration, separation, and biomedical applications.
Here we explored the mechanisms of soft particle capture using nanoﬁber networks. We identiﬁed
possible states of the capture process, which are deﬁned by their structural and material parameters.
By performing numerical analysis, we provided a phase diagram in the parametric space of the
network structure and interfacial adhesion. The work provides a conceptual model for rational design
of synthetic materials in related applications that focus on the protection against or removal of virus,
as well as other soft particles. c© 2013 The Chinese Society of Theoretical and Applied Mechanics.
[doi:10.1063/2.1305402]
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Recently soft materials have attracted much at-
tention from a broad spectrum of disciplines due to
their wide appearance and unique properties in com-
parison to their hard counterparts. The softness of
micro- and nano-particles with sizes ranging from tens
of nanometers to hundreds of micrometers provides
them with great ﬂexibility in shape when mechanical
and thermal perturbation is present. The high surface-
to-volume ratio and rich chemistry of these particles
also oﬀer diverse, speciﬁc or non-speciﬁc, adhesive prop-
erties at their surfaces and interfaces. Examples of
soft micro- and nano-particles include both living ma-
terials in natural environment and industrial products,
such as viruses, bacteria, food additives, and synthetic
nanomaterials.1 In recent decades, it has been high-
lighted that some of these soft materials could interact
with human body, and sometimes even result in seri-
ous health problems. For example, inﬂuenza viruses
cause the ﬂu, noroviruses lead to viral gastroenteritis,2
human immunodeﬁciency virus (HIV) infects acquired
immunodeﬁciency syndrome (AIDS),3 and although the
toxicity of nanomaterials has not yet been fully under-
stood, there are a number of evidences clearly show-
ing that under certain circumstances, high aspect-ratio
nanostructures could cross the cell membrane and gen-
erate serious eﬀects such as inﬂammatory and ﬁbrotic
reactions.4,5 Thus the understanding of interaction be-
tween these nanostructures and exploration of the pro-
tection and removal techniques for soft particles (SPs)
at submicron and nanoscale become of paramount im-
portance.
Virus is a representative SP targeted in ﬁltration,
separation, and biomedical applications, e.g., air ﬁltra-
tion, drinking water cleaning, blood-borne viral infec-
tion controlling, food and blood plasma fabrication and
viral research.6–9 They are commonly considered as in-
fectious agents that are able to replicate inside the liv-
ing cell of organisms, and subsequently infect organisms
from plants, animals to human beings. For example, in-
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ﬂuenza, which is classiﬁed as a RNA virus, causes about
250 000 to 500 000 human deaths every year. The bursts
of H5N1, H1N1, and H7N9 inﬂuenza (in 2005, 2009,
and 2013) led to serious social panic and signiﬁcant
economic losses very recently.10–12 Consequently, high-
performance, energy-saving capture or removal tech-
niques are urged for eﬃcient protection against virus,
especially in closed environments with crowd of people,
such as trains, airplanes and civilian buildings (schools,
hospitals, etc.), where cross-infection among human be-
ings has to be avoided.13,14 Successful separation and
puriﬁcation techniques for viruses can also ﬁnd promis-
ing applications in biotechnology, such as blood plasma
fabrication.
There are several existing strategies for virus pro-
tection and removal. Nanoﬁltration is one of the most
popular techniques.15 Chemical modiﬁcation of the ﬁl-
ter materials can also be designed to oﬀer them antiviral
functions, to inactivate virus for example.16 The physi-
cal removal method has the advantage of low cost, high
durability and low speciﬁcation to the virus species. In
nanoﬁltration, size exclusion is the most commonly used
concept in removing viruses. Viruses are SPs with size
∼80–140 nm17 and stiﬀness ∼0.1–0.6N/m.18 When car-
rying a certain velocity in the ﬂow, they could be cap-
tured or blocked by the porous structures in the ﬁlter
material. To achieve a high rejection rate, the pore
size of the ﬁltration matrix needs to be extremely small
(∼1–100 nm19), thus a high pressure drop across the
material will be built up, leading to high energy con-
sumption in applications. The performance may also
be reduced due to the existence of unexpected large
pores. For SPs with size comparable or larger than
the pore size, elastic deformation must be allowed for
them to transport through the pore. The adhesion
between SPs and the pore structure bring in promi-
nent eﬀect on the process by introducing additional
energy beneﬁt (cost) in the attachment (detachment).
Thanks to recent advances in the synthesis, fabrication
and chemical modiﬁcation of nanomaterials, nanoﬁber
(NF) networks with well-controlled porous structures
and adhesive properties can be created. The use of
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nanostructures with very high surface-to-volume ratio
and tunable adhesion could reduce the requirement of
pore sizes, the ﬂow resistance, and thus the energy con-
sumption. For example, nanostructured networks such
as three-dimensional carbon nanotube (CNT) scaﬀold
and functionalized NF membrane were fabricated for
nanoparticulate ﬁlters.20,21 Hybrid CNT/quartz ﬁber
based membrane was also synthesized and conﬁrmed
to oﬀer enhanced performance that meets the standard
of high-eﬃciency particulate air (HEPA) ﬁlters.22
In this work, we explored the mechanisms of this
capture process from a mechanics point of view, based
on an analytical model consisting of a deformable SP,
a rigid NF network, and an adhesive interface between
them. We performed numerical analysis to track the
energy evolution along the moving path of SPs in ﬁl-
tration, where the eﬀects of elastic deformation and in-
terfacial adhesion were included in this two-dimensional
model. We ﬁnally obtained a phase diagram that shows
distinct states of the soft particle capture process, as
controlled by several key parameters deﬁning the struc-
tural and material properties.
In our study, we investigated a ﬁltration process
where a SP (virus) is to be captured by a NF (CNT) net-
work in the ﬂuid (e.g., water, air) ﬂow. The virus parti-
cle has a typical diameter ranging from 80 to 140 nm,17
while the diameter of a CNTs is ∼1–100 nm.23 Charac-
teristic mechanical properties of both virus and CNTs
were taken from the literature. By using nanoinden-
tation technique, the radial stiﬀness k (the indenta-
tion force F divided by the depth z) of CNTs was
measured to be ∼15–60N/m for a single-walled CNT
(SWNT)24 and ∼200–250N/m for a multi-walled CNT
(MWNT).25 In comparison, the radial stiﬀness of virus
particles was reported to be ∼0.1–0.6N/m.18 Thus as
the stiﬀness of a CNT is 2–3 orders of magnitude higher
than that of a virus particle, we considered CNTs as
rigid cylinders in our model. An illustrative summary
of these data and references26–29 is provided in Fig. 1.
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Fig. 1. Characteristic radial stiﬀness k and size d of single-
walled CNTs (SWNTs),24 multi-walled CNTs (MWNTs),25
silicon nanowires (SiNWs),26 viruses18 and bacteria.27–29
The model we constructed includes eﬀects from
both elastic deformation of the SP and the interfacial
adhesion between the SP and NF. To explore the para-
metric space of structural and mechanical properties of
them, we simpliﬁed the SP and NF as inextensible elas-
tic rings with diﬀerent radii (R and r) and bending stiﬀ-
ness (D for the SP) in 2D. As a representative model, we
considered a linear array of parallel NFs as the network,
which is schematically shown in Fig. 2.
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Fig. 2. Sketch of the model for soft particle capture by
nanoﬁber networks. s is a curvilinear coordinate. l1 is the
curvilinear coordinate of the mid-point in the contact, and
2d is the pore size. θ is the angle between the tangent of
particle proﬁle and the y-axis. α is the angle between the
radius to the mid-point of the contact and the y-axis, and
Δα characterizes the size of this contact region.
We considered the process of a SP passing through
the pores between NFs in the array along the x-axis.
The SP ﬁrstly experiences elastic deformation with an
energy penalty after forming contact with the NFs,
where interfacial adhesion that lowers total energy of
the system. We introduced a dimensionless variable
t = α/αmax to indicate the relative position of a SP
to the array, where α < 0 (> 0) means that the SP is
on the left (right) side of the array (along the y-axis),
and αmax = arccos[d/(R+ r)] corresponds to the situa-
tion when the SP forms contact with or detaches from
the NF. Correspondingly, t < −1 describes the process
before the SP-NF contact forms. Then the SP continues
to deform in order to get through the pores, correspond-
ing to t continuously increasing from −1 to 1. After the
SP moves to the right side of the array, it detaches from
the NFs at t = 1, and t > 1 indicates the process that
the SP moves further away from the array. For a given
value of t, we extracted the shape proﬁle of the SP by
ﬁnding the conﬁguration with the lowest energy of the
system. This was done by numerical minimization of a
total energy functional to be introduced below. Along
the trajectory of a SP (with increasing t), the energy
proﬁle and barrier therein were then identiﬁed. Com-
paring the energy barrier with the kinetic energy a SP
carried will lead to our conclusive discussion on whether
the virus would be captured by the NF network.
The SP is described by a closed planar curve, which
starts from the curvilinear coordinate s = 0 at the right
apex, and has a ﬁxed contour length of 2πR according
to our inextensible assumption of the virus deformation
(as shown in Fig. 2). Since s is an arc length parameter-
ization, the tangent vector of the curve can be written
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as cos θey − sin θex. The energy of the system consists
of both the deformation (bending) energy of the SP and
adhesion between the SP and NF array, which can be
formulated as30
U =
∫ 2πR
0
1
2
D
(
dθ
ds
)2
ds+ γlc, (1)
where D is the bending stiﬀness of the SP, γ and lc
are the adhesion energy (per unit length) and the con-
tact length between the SP and NF. The ﬁrst and sec-
ond terms in Eq. (1) refer to the bending and adhesion
contribution respectively. As the NFs are much stiﬀer
than SPs, here we assumed that the proﬁle of SP at
the contact is the same as the NF proﬁle. We used
Δα to parameterize the size of this contact region, i.e.,
lc = 4Δαr.
According to the mirror symmetry of the model,
we considered only the irreducible part of the system,
although a constraint on the displacement (along the y-
axis) at the left and right apexes was asserted to the SP.
To further formulate this problem into an unconstrained
extremum problem, we introduced Lagrange multipliers
for the constraint. The functional of total energy (Eq.
(1)) can then be rewritten as
U =
∫ πR
0
1
2
D
(
dθ
ds
)2
ds+ γ · 2Δαr + λ1 ·{∫ l1−Δαr
0
cos θds− d− r[1− cos(α−Δα)]
}
+
λ2
{∫ πR
l1+Δαr
cos θds+ d+ r[1− cos(α+Δα)]
}
. (2)
To numerically solve the minimization problem
(Eq. (2)), θ(s) was expanded into ﬁnite Fourier series.31
In diﬀerent regions of SP, we have
(1) 0  s  l1 −Δαr
θ(s) =
[π
2
− (α−Δα)
] s
l1 −Δαr +
N∑
i=1
ai sin
(
πis
l1 −Δαr
)
, (3a)
(2) l1 −Δαr  s  l1 +Δαr
θ(s) =
π
2
−
(
α+
s− l1
r
)
, (3b)
(3) l1 +Δαr  s  πR
θ(s) =
[π
2
− (α+Δα)
]
+
[π
2
+ (α+Δα)
]
·
s− l1 −Δαr
πR− l1 −Δαr +
N∑
i=1
bi sin
[
πi(s− l1 −Δαr)
πR− l1 −Δαr
]
, (3c)
where N is the number of the Fourier modes included
in the expansion, ai and bi (i = 1, 2, · · · , N) are the ex-
pansion coeﬃcients that are to be determined by mini-
mizing the functional. By varying N in the simulation,
we veriﬁed that the shape proﬁle of the SPs can be well
approximated with N = 30, with aﬀordable computa-
tion costs.
As a result, the solution for θ(s) in the form of
Fourier series can be obtained. We then inserted it
into Eq. (2), the energy functional can then be eval-
uated as a function of ai, bi, l1, Δα. According to the
orthogonality of Fourier modes, Eq. (2) can be further
simpliﬁed into
U =
D
[π
2
− (α−Δα)
]2
2(l1 −Δαr) +
D
4
N∑
i=1
π2i2a2i
l1 −Δαr +
DΔα
r
+
D
[π
2
+ (α+Δα)
]2
2(πR− l1 −Δαr) + γ · 2Δαr +
D
4
N∑
i=1
π2i2b2i
πR− l1 −Δαr + λ1
{∫ l1−Δαr
0
cos θds−
d− r [1− cos(α−Δα)]
}
+
λ2
{∫ πR
l1+Δαr
cos θds+ d+
r [1− cos(α+Δα)]
}
. (4)
We numerically implemented this minimization process
for a set of simulations with t ranging from −1 to 1 using
the Nelder–Mead simplex algorithm.32 We obtained the
potential energy proﬁle as a function of variable t, which
subsequently informed us the energy cost that deﬁnes
the criteria for SP capture (the friction between the SP
and NFs were not included in this model), i.e., passing
through or being captured by the NF array. Considering
a SP with moving speed v in the ﬂow ﬁeld, the kinetic
energy it carried is Ek = mv
2/2. With diﬀerent values
of Ek, the bending and adhesion energy, the SPs could
be eventually classiﬁed into diﬀerent states, i.e., passing
through, being rebound back, or adhering to the NFs,
and a phase diagram of which can thus be predicted.
We now turn to discussing the potential capture
mechanisms for SPs by using a NF network. For a SP
with velocity v and bending stiﬀness D, we tuned the
pore size 2d and the binding coeﬃcient γ, and explored
the energy proﬁle along the trajectory of the SP. Our
simulation results revealed that there exist three typi-
cal phases, i.e., passing through (P), rebound (R), and
adhered or captured (C). These states are illustrated,
with corresponding energy proﬁles summarized as well
in Fig. 3.
(1) If the kinetic energy of a SP (Ek) is higher than
the bending energy as a penalty of its elastic deforma-
tion and the binding energy caused by the adhesion by
the NF array during the detachment, the SP could pass
through the NF pores (Fig. 3(a)).
(2) However, if Ek can not overcome the deforma-
tion energy, and also the adhesive interaction between
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Fig. 3. Schematic of states passing through (P), rebound
(R), captured (C) (plots (a)–(c)) and corresponding energy
proﬁle ΔE and barriers along path (plots (d)–(f)). The soft
particle moves from state s to f, through i.
the SP and NF is too weak to trap the particle, the SP
will be rebounded from the array (Fig. 3(b)).
(3) If Ek is too low to compete with the adhe-
sion, the SP will eventually adhere to the NF array
(Fig. 3(c)).
The energy proﬁles shown in Figs. 3(d)–3(f) clearly
indicate the characteristic scales of the energy proﬁle
ΔE and barriers in these three diﬀerent regimes, which
is deﬁned by a combined eﬀect from both the elas-
tic deformation and adhesion. The elastic deformation
tends to separate the SP from NFs, but adhesion fa-
vors the formation of contact. We can see that both
being deformed to pass though pores in the NF array
and detaching from the NF require imported energy.
These two characteristic energy barriers are denoted
as Ed for deformation and Ea for adhesion, respec-
tively, and their relative scales in comparison with the
kinetic energy Ek deﬁne the capture behavior. Specif-
ically, Ed = max(ΔE) is the energy barrier of pass-
ing through corresponding to the bending deformation,
while Ea = Edetached − Eattached is that required for a
SP to detach from the NF array, deﬁned by the adhe-
sive strength at interfaces. With these deﬁnitions made,
the three phases P, R, and C can be well characterized
by conditions Ek > max(Ed, Ea), Ea < Ek < Ed, and
Ek < Ea respectively, which were determined from the
energy proﬁles obtained in the numerical simulations.
By sweeping parameters d and γ in our numerical
simulations that deﬁne the geometry of pores and ad-
hesive strength, we analyzed energy proﬁles and sum-
marized the results in a phase diagram. In plotting Fig.
4, we assumed the velocity of SPs to be 0.3m/s and
0.6m/s, well within the typical range (<0.5–1.0m/s)
as documented in the EU standard for particle removal
eﬃciency.33 From this phase diagram, we can see that
with weak adhesion (low γ) between the SPs and the
NF array, the elastic deformation of the particles plays
a dominant role in the process with SPs rebound by
narrow pores (in state R), indicating the size exclusion
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Fig. 4. The phase diagram for soft particle capture at speed
(a) 0.3m/s and (b) 0.6m/s, respectively. In state P, the SP
with a kinetic energy higher than bending and adhesion en-
ergies can transport through the NF network. In state R,
the SP is rebounded by the NFs due to its elastic deforma-
tion and restoring force. In state C, the SP is captured at its
interface with the NF network due to the strong adhesion.
mechanism as widely used in nanoﬁltration. The phase
diagram also shows the eﬀect of interfacial adhesion on
the capture process. If there is a strong interaction
(high γ) between the SP and NF network, the parti-
cles will adhere to the NF (in state C) without passing
through the network (in state P). Both these two mech-
anisms can be applied to capture SPs.
It should be pointed out further that at a certain
range of d, there is a transition region for state P be-
tween R and C. Within this region, the two capture
mechanisms are both inactive, the interfacial adhesion
releases the energy cost by deformation of the SP, and
the NF array fails to capture the SP. As a result, the
SPs will transport through the network. From compar-
ison we can see that at higher speed the regions R and
C are both compressed, leaving more space for P.
As suggested by the phase diagram, size exclusion
and interfacial adhesion are two major mechanisms to
capture SPs using a NF network. While the ﬁrst mech-
anism can be engineered by designing woven network
structures with speciﬁc topology of pores, functionaliz-
ing the NFs could modify their binding strength with
SPs. In practice, enhancement of ﬁltration eﬃciency
could be achieved by increasing this adhesive energy.
As indicated in the phase diagram, this enhancement
could relax the requirement of pore structure for size
exclusion based ﬁltration, reduce the ﬂow resistance,
and signiﬁcantly save the energy cost for long-term use.
However, it should be noticed that, as a physical re-
moval technique, the interfacial adhesion based ﬁltra-
tion mechanism is not selective with respect to the type
of the SPs but their physical properties only (e.g., stiﬀ-
ness and adhesive strength). Introducing speciﬁc bind-
ing sites to the NFs could further enable selective cap-
ture capabilities.9
In addition to d and γ, there are other structural
materials parameters not explored explicitly in our nu-
merical study, such as the bending stiﬀness of the SP,
D, and the radius of NFs, r. The bending stiﬀness D
deﬁnes the region for state R. With speciﬁed values for
other parameters, increasing D will enhance the defor-
mational energy barrier Ed, raise and shift rightward
the boundary of rebound region R. In contrast, by low-
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ering D the R–P boundary will shift leftward and com-
press the rebound region, which means that the penetra-
tion of SPs through the NF network becomes easier. γ
and D represent the size exclusion and adhesive mecha-
nisms respectively, and whether the stiﬀnessD increases
or decreases, the transition region in the phase diagram
corresponds to a certain range of γ/D. The adhesion
covers most of the energy penalty induced by the elastic
deformation of SP and two capture mechanisms fail to
work. The eﬀect of r could also be discussed accord-
ingly. Comparing with d and γ, r has a minor eﬀect
on the capture of SPs, but the energy barrier for pass-
ing through can be slightly modiﬁed. With the same
pore size, thin NFs yield a higher energy barrier than
thick ones, and thus the network with thin ﬁbers will
be more eﬀective for ﬁltration applications. However,
it should also be noted that the ﬂexibility of NFs along
their axial direction could also modify the capture be-
havior. With the same mesh size ξ in a network, thin
NFs allow more ﬂexible changes in the interﬁber dis-
tance 2d, through the axial bending deformation with
an eﬀective stiﬀness k ∼ ξ3.
Finally, while virus and CNTs were considered in
our work as representative SPs and NFs, the model
could be extended to other materials straightforward
by simply substituting corresponding parameters into
Eq. (4). The results can thus be applied to available
materials such as chitosan9 and quartz ﬁbers.22
In this work we pursued a numerical study on the
mechanics of soft particle capture through nanoﬁber
networks. Using virus and CNTs as representative ma-
terials, we explored the possible status of a capture pro-
cess, and obtained a phase diagram in the space of the
network structure and interfacial adhesion. The work
here oﬀers a conceptual model for rational design of
synthetic materials for related applications that focus
on the removal of virus and other soft particles. In this
work the model constructed and investigated was lim-
ited in 2D for simplicity, i.e., a virus particle interacts
with a linear array of parallel CNTs. In principle, the
model could be extended to 3D by including Fourier
expansion for the spherical particle proﬁle. Moreover,
coarse-grained molecular dynamics simulations could
provide a more powerful platform for theoretical investi-
gation in this direction, with ﬂuctuation and dynamical
behaviors included.34
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